Background and objectives Dabigatran is an oral direct thrombin inhibitor that is Food and Drug Administrationapproved for prevention of stroke in patients with atrial fibrillation. No antidote is available for reversal of dabigatran's anticoagulant effect. Despite limited clinical data, hemodialysis has been suggested as a strategy to remove dabigatran during acute bleeding. This work presents five cases, in which extracorporeal therapy was performed for dabigatran removal in acutely bleeding patients.
Introduction
Dabigatran etexilate is a prodrug that is administered orally and rapidly metabolized to the active moiety dabigatran, a direct thrombin inhibitor approved by the Food and Drug Administration (FDA) to reduce the risk of stroke and systemic embolism in patients with atrial fibrillation (1,2). The drug has advantages over warfarin that make it appealing; namely, it is as effective as warfarin in preventing stroke in patients with nonvalvular atrial fibrillation with similar or lower bleeding risk (3, 4) . Also, because it normally exhibits a predictable pharmacokinetic-pharmacodynamic profile, it does not require routine monitoring (5) (6) (7) . This finding has generated considerable enthusiasm among clinicians, evidenced by approximately 3.7 million dabigatran prescriptions dispensed by outpatient retail pharmacies to roughly 725,000 patients in the United States alone from the time of FDA approval in October of 2010 through August of 2012 (8) . However, renal clearance of dabigatran is decreased in patients with impaired kidney function. Thus, as dabigatran use increases, the likelihood of patients presenting with significant hemorrhagic complications will also increase. Unfortunately, to date, there is neither a method to quickly assess the degree of dabigatraninduced anticoagulation nor an antidote for rapid reversal in patients with active bleeding (9) (10) (11) .
The implications of having no antidote available to reverse the anticoagulant effect of dabigatran have become apparent in the form of postmarketing reports of dabigatran-related adverse events (12) , an FDA Drug Safety Communication (1) , and several published cases of dabigatran-induced bleeding (9, (13) (14) (15) (16) (17) (18) (19) (20) (21) . The manufacturer suggests intermittent hemodialysis (IHD) as a possible treatment strategy (2) , but its precise role in dabigatran-induced bleeding is currently undefined (13) . Although IHD has been shown to partially remove dabigatran in stable, nonbleeding ESRD patients (22, 23) , use of intermittent and continuous renal replacement therapy modalities and plasmapheresis have been reported in the treatment of dabigatran-associated bleeding cases with mixed results (17) (18) (19) (20) , and to our knowledge, dabigatran plasma concentrations and/or removal have been quantified in only two cases to date (16, 21) . We present the first case series describing the use of extracorporeal therapy specifically for removal of dabigatran in five consecutive cases of patients admitted with life-threatening bleeding between March of 2012 and January of 2013. Dabigatran plasma concentration monitoring was performed to characterize the disposition of dabigatran before, during, and after treatment. Considerations pertaining to the assessment of dabigatraninduced anticoagulation are also presented.
Case 1
A 77-year-old man receiving dabigatran at 150 mg per os (PO) two times daily, with a past medical history of atrial fibrillation, hypertension, and nonischemic cardiomyopathy and a baseline serum creatinine (SCr) of 0.9 mg/dl, was admitted with a perforated colon. His SCr on admission was 1.6 mg/dl ( Table 1 ). The patient required urgent exploratory laparotomy. He was given multiple blood products ( Table 1) followed by IHD treatment for 3 hours preoperatively for removal of dabigatran ( Table 2 ). The dabigatran concentration before IHD was 875 ng/ml, and it decreased to 382 ng/ml 15 hours after IHD. On postoperative day 2, active bleeding continued from the incision, and the patient received 14 units packed red blood cells. The patient's kidney function acutely declined, and by postoperative day 3, the dabigatran concentration had rebounded to 538 ng/ml. A second IHD session for 3 hours was performed, and 14 hours postdialysis, the dabigatran concentration was found to be 329 ng/ml. However, his activated partial thromboplastin time (aPTT), prothrombin time, international normalized ratio, and thrombin clotting time (TT) continued to be elevated. The patient continued to decompensate with multiorgan failure, developed disseminated intravascular coagulation, and died on admission day 6.
Case 2
An 86-year-old man receiving dabigatran at 150 mg PO two times daily and clopidogrel at 75 mg orally, with a past medical history of atrial fibrillation, coronary artery disease, and hypertension and baseline SCr of 1.0 mg/dl, was admitted with subdural and subarachnoid hemorrhage caused by a fall. His SCr on admission was 3.1 mg/dl ( Table 1 ). The patient received one IHD session for 4 hours on the day of admission for dabigatran removal. Dabigatran concentrations were elevated at 318 ng/ml predialysis and decreased to 132 ng/ml with 2 hours of IHD and 115 ng/ml at the end of 4 hours of IHD ( Figure 1 and Table 2 ). The dabigatran concentration was checked again 12 hours later, and evidence of substantial rebound was observed, because the concentration was 437 ng/ml. He received a second IHD session over 4 hours. The repeat dabigatran concentration 10 hours after completion of IHD was 41 ng/ml. The patient was discharged to an inpatient rehabilitation unit on day 7 after admission.0
Case 3
A 65-year-old man receiving dabigatran at 150 mg PO two times daily, with a past medical history of atrial fibrillation, hypertension, and alcohol abuse, was found on his floor bleeding from a chronic lower-extremity ulcer. His SCr on admission was 1.4 mg/dl (Table 1) . He continued to have ongoing bleeding from his ulcer, despite a pressure bandage, and his hemoglobin fell from 12 to 6.5 g/dl within 8 hours of admission. The patient then received IHD for 2 hours to remove dabigatran ( Table 2 ). The concentration decreased from 1200 ng/ml before IHD to 420 ng/ml at the end of dialysis. Six hours after completion of IHD, the dabigatran concentration rebounded to 626 ng/ml. The patient continued to actively bleed, requiring multiple packed red blood cell transfusions, and he became hemodynamically unstable and oliguric; therefore, continuous venovenous hemodiafiltration (CVVHDF) was initiated. The dialysate and blood flow rates were 3000 ml/h and 250 ml/min, respectively, and an AN69 hemofilter (Prismaflex M100; Gambro) was used with no anticoagulation. The dabigatran concentration before initiation of CVVHDF was 626 ng/ml, and it decreased to 416 ng/ml after 8 hours and 121 ng/ml after 30 hours of treatment. However, the patient continued to decompensate with ongoing bleeding, developed disseminated intravascular coagulation, and died on day 4 of admission.
Case 4
An 81-year-old woman from a skilled nursing facility receiving dabigatran at 150 mg PO two times daily, with a past medical history of atrial fibrillation, hypertension, and systemic lupus erythematosis and baseline SCr of 0.9 mg/dl, was admitted after a fall. A computed tomography scan showed subarachnoid hemorrhage and fracture of the fourth cervical vertebrae and left zygomatic maxillae. Her SCr on admission was 1.2 mg/dl. She received IHD for 4 hours on the day of admission for dabigatran removal ( Table 2 ). The dabigatran concentration was 269 ng/ml and declined to 90 ng/ml after 2 hours of IHD and 63 ng/ml at the end of the 4-hour IHD session. Two hours after completion of IHD, the dabigatran concentration rebounded, nearly doubling to 118 ng/ml; then, it declined to 44 ng/ml after 24 hours because of improvement in native kidney function. The patient was discharged to an inpatient rehabilitation unit on day 5 of admission.
Case 5
A 77-year-old woman receiving dabigatran at 150 mg PO two times daily and aspirin at 81 mg daily, with a past medical history of atrial fibrillation, hypertension, and hypothyroidism, presented to an outside hospital with abdominal pain. She was found to have colonic volvulus, underwent abdominal laparotomy, and was then transferred to our institution for ongoing gastrointestinal bleeding. Her last dose of dabigatran was 4 days before admission to our center. Her SCr on admission was 2.9 mg/dl (Table 1) . She received IHD for 5 hours on the day of admission for dabigatran removal ( Table 2 ). The concentration was 149 ng/ml on admission and 71 ng/ml 1 hour after completion of IHD. The patient's native kidney function simultaneously improved, and 12 hours after completion of IHD, the dabigatran concentration had further declined to 55 ng/ml. The patient was discharged to an inpatient rehabilitation unit on day 15 of admission.
Discussion
The FDA-approved dabigatran dosing recommendation is 150 mg PO two times daily for patients with a creatinine clearance (CrCl).30 ml/min and 75 mg PO two times daily for patients with a CrCl=15-30 ml/min (8). The drug is not approved for use in patients with ESRD (CrCl,15 ml/min or dialysis dependent) (24) . In the Randomized Evaluation of Long-Term Anticoagulation Therapy (RE-LY) trial, the annual rate of major bleeding was 3.11% in patients receiving dabigatran at 150 mg PO two times daily (3). All of our patients had been on a stable dosage regimen of dabigatran of 150 mg PO two times daily, which produces steady state peak and trough dabigatran plasma concentrations of approximately 180 and 90 ng/ml, respectively, assuming a CrCl.60 ml/min (25, 26) . However, renal clearance of dabigatran decreases in patients with an acute or chronic decline in kidney function, resulting in a corresponding increase in half-life from about 13 hours in individuals with normal kidney function to 18, 28, and 34 hours in patients with CrCl=30-50 ml/min, CrCl,30 ml/min, and ESRD, respectively (22) . Obviously, this increase leads to significantly higher serum concentrations and enhanced anticoagulant effects of dabigatran for a given dose in these individuals compared with individuals with normal kidney function (5, 14, 15, 18) . Although baseline kidney function was known only in cases 1, 2, and 4, all patients were presumed to have AKI, which likely explains their elevated dabigatran plasma concentrations on admission. Cases 1-4 had dabigatran concentrations of 875, 318, 1200, and 269 ng/ml, respectively ( Figure 1 and Table 2 ). Although case 5 had a normal dabigatran concentration of 149 ng/ml, the patient's last dose of dabigatran was 4 days before presentation. This finding suggests that it was dramatically elevated after the last dose, which would also explain the uncontrolled bleeding observed during emergency abdominal surgery. All of our patients were deemed to have life-threatening hemorrhagic complications. Because no specific antidote or validated methodology is currently available to reverse dabigatran-associated bleeding, extracorporeal therapy was performed for dabigatran removal in an effort to achieve adequate hemostasis. Dabigatran exhibits several physicochemical and pharmacokinetic properties that favor extracorporeal removal. Specifically, it is a small molecule with a molecular weight of approximately 630, it is predominantly (80%) excreted unchanged in the urine, and it displays relatively low protein binding of 26%-28% (2, 5, 22) . Recent reports suggest that IHD clears dabigatran from the blood (16, (21) (22) (23) ). An open-label study conducted in six stable, nonbleeding ESRD patients receiving IHD reported extraction ratios (i.e., concentration differences in the dialyzer inlet and outlet lines) of up to 68% (22) . The manufacturer reports that approximately 57% of dabigatran can be cleared from plasma over 4 hours using a high-flux dialyzer with a blood flow rate (Q B ) of 300 ml/min and dialysate flow rate (Q D ) of 700 ml/min (2) . A recent study also performed in stable nonbleeding ESRD patients reported similar findings, with an extraction ratio and dialytic clearance of 61% and 183 ml/min, respectively, observed with 4 hours of high-flux dialysis (Q B =400 ml/min, Q D =700 ml/min) (23) . These findings suggest that IHD may be an effective means of removing dabigatran. To date, however, the effect of extracorporeal treatment on dabigatran removal and bleeding propensity in the setting of toxicity has not been formally studied.
Intermittent and continuous renal replacement therapy modalities (16-19,21 ) and plasmapheresis (20) have been reported in the treatment of dabigatran-associated bleeding cases with mixed results, but dabigatran plasma concentrations and/or removal have been quantified in only two published cases to date (16, 21) . Warkentin et al. (16) reported a 64% reduction in dabigatran plasma concentrations after 6 hours of high-flux IHD (Q B =320 ml/min, Q D =700 ml/min). Chang et al. (21) reported a 41% decrease in dabigatran plasma concentrations during a 2-hour interval of high-flux IHD and noted a substantial rebound in the plasma concentration (48%) 2 hours after completing dialysis (Q B =350 ml/min, Q D was not reported). We observed similar reductions in dabigatran concentrations of 52%-77% with high-flux IHD treatment (Q B =350-400 ml/min, Q D =800 ml/min) ( Table 2 ) followed by a rebound that required additional IHD or CVVHDF treatments in three of five cases. The rebound in dabigatran concentrations was mirrored by a corresponding increase in aPTT (Figure 1) . Case 3 had an extraordinarily high dabigatran concentration of 1200 ng/ml on admission, which declined 65% with a 2-hour IHD session; 6 hours post-IHD, the concentration rebounded 49%, which was attenuated by initiation of CVVHDF (Figure 1 ). The concentration decreased 81% after 30 hours of CVVHDF. An even larger rebound effect was observed in the patient in case 4, in whom the dabigatran concentration increased 87% within 2 hours after completion of IHD. Given dabigatran's large volume of distribution of 50-70 L (2), it is not surprising that the drug exhibits substantial rebound after IHD, which reflects redistribution of the drug from the peripheral (i.e., adipose tissue) to the central compartment. Although the largest rebound was observed in the patient in case 2, in whom the dabigatran concentration increased from 115 to 437 ng/ml in 12 hours, an increase of this magnitude likely reflects ongoing gastrointestinal absorption in addition to redistribution. The manufacturer and others report a rebound effect of approximately 7%-15% after IHD (2, 23) . However, our findings of much greater rebound effects, which are in agreement with the work by Chang et al. (21) , suggest that the steady state volume of distribution observed in the setting of toxicity may not reflect the volume seen in stable patients during normal therapeutic use.
In our five cases, plasma samples for dabigatran analysis were drawn during the course of clinical care and inconsistently timed. Dialysate was not collected. As such, we are unable to perform standard pharmacokinetic calculations used to determine extracorporeal clearance: namely, the recovery method and the arterial-venous (A-V) pair method (27) . However, some degree of extracorporeal clearance can be inferred by changes in half-life during extracorporeal therapy (28, 29) . The first-order elimination rate constant and corresponding half-life of dabigatran were calculated during and after extracorporeal treatment as previously described (29) . Insufficient dabigatran concentrations were available to calculate half-life in cases 1 and 2. In case 3, a patient with oliguric kidney failure, the dabigatran half-life was 1.3 hours during IHD and 12.6 hours during CVVHDF. In case 4, the intradialytic halflife was 1.9 hours, and it was 12.3 hours off dialysis, which likely reflects recovery of kidney function. Lastly, an intradialytic half-life of 4.7 hours was calculated for case 5; however, this calculation is an underestimate, because it includes a trough value (71 ng/ml) that was observed 1 hour after completion of IHD. Therefore, it likely also reflects partial rebound. The half-life increased to 26.6 hours off dialysis. Using recently published guidelines to determine the dialyzability of toxins, if the half-life observed during extracorporeal therapy is ,25% of the half-life observed off therapy, then the drug may be dialyzable, and extracorporeal therapy may be an effective strategy for removal (27) . Therefore, conservatively estimating a dabigatran half-life of 2 hours during high-flux hemodialysis versus 13 hours in normal kidney function or more than 28 hours in patients with CrCl,30 ml/min (22) suggests that IHD may be an effective means of dabigatran removal, particularly in the setting of impaired kidney function.
A diluted thrombin time clotting assay (Hemoclot Thrombin Inhibitor Assay; Hyphen BioMed) is used by our institution for the determination of dabigatran plasma concentrations as described previously (25) . The assay is highly reproducible, with intra-and interassay coefficients of variation for dabigatran of 2.2% and 5.3%, respectively (30). In our experience, dabigatran concentrations took up to 24 hours to be reported by the laboratory. When a faster turnaround time for this test or alternatives is available, it will be instrumental in identifying patients who may or may not benefit from extracorporeal therapy. Unfortunately, laboratory measurements that provide a rapid and accurate assessment of the degree of dabigatraninduced anticoagulation are not readily available. At clinically relevant plasma concentrations, dabigatran is capable of prolonging the aPTT, TT, and ecarin clotting time (ECT). However, it has variable effects on the prothrombin time and international normalized ratio, rendering these tests poor surrogates of anticoagulation status in patients receiving dabigatran (26, 31, 32) . TT is the most sensitive test for the detection of dabigatran activity (33) ; it is so sensitive that it often exceeds the upper limit of detection, which we observed in all five cases. ECT reflects thrombin generation and is another very sensitive test for measuring the anticoagulant effects of dabigatran (33) . Unfortunately, its clinical availability is limited in the United States, and we were unable to test ECT in our patients. The aPTT value represents a faster and more feasible option to monitor the anticoagulant effect of dabigatran. The aPTT assay concentration-response curve is curvilinear and flattens at higher concentrations of dabigatran (.200 ng/ml), which decreases its sensitivity and may limit its use in the overdose setting (25, 31) . Some have concluded that aPTT should be used to provide a qualitative assessment of anticoagulation status instead of a quantitative measure of the degree of anticoagulation (31) . We evaluated the relationship between dabigatran plasma concentrations and corresponding aPTT results observed in our patients using Spearman's correlation coefficient (Prism 5.0b; GraphPad Software). A significant correlation was observed between the two parameters (Spearman's correlation coefficient=0.89, P,0.001) (Figure 2 ), consistent with a previous study (34) . We cannot rule out an independent effect of blood product administration in our patients on reported aPTT values. However, this finding and our experience using aPTT suggest that an extremely elevated aPTT value may be suggestive of a supratherapeutic dabigatran concentration.
In summary, we present a series of five cases of acute bleeding in patients on a stable dose of dabigatran, in whom extracorporeal therapy as either IHD or CVVHDF was performed for dabigatran removal. Our findings of a 52%-77% reduction in plasma concentrations and a corresponding change in half-life suggest that IHD may be an effective strategy for rapid removal of dabigatran in the setting of acute bleeding. Notably, we observed a rebound in dabigatran concentrations of up to 87% within 2 hours after completion of IHD. Initiation of CVVHDF after IHD seemed to attenuate the rebound effect and contributed to a reduction in dabigatran concentrations of 81% over 30 hours. Therefore, we recommend the use of prolonged IHD or IHD followed by continuous renal replacement therapy in the management of life-threatening bleeding in patients receiving dabigatran. Serial monitoring of dabigatran plasma concentrations and/or coagulation parameters may be necessary to determine when therapeutic concentrations have been achieved and hence, extracorporeal therapy should be discontinued. The advantage of extracorporeal therapy should be weighed against the risk of bleeding with catheter insertion in these patients with severely deranged coagulation profiles. 
